The process of fast magnetic reconnection driven by intense ultra-short laser pulses in underdense plasma is investigated by particle-in-cell simulations. In the wakefield of such laser pulses, quasi-static magnetic fields at a few mega-Gauss are generated due to nonvanishing cross product ∇( ⁄ ) × ⃗. Excited in an inhomogeneous plasma of decreasing density, the quasi-static magnetic field structure is shown to drift quickly both in lateral and longitudinal directions. When two parallel-propagating laser pulses with close focal spot separation are used, such field drifts can develop into magnetic reconnection (annihilation) in their overlapping region, resulting in the conversion of magnetic energy to kinetic energy of particles. The reconnection rate is found to be much higher than the value obtained in Hall magnetic reconnection model. Our work proposes a potential way to study magnetic reconnection related physics with short-pulse lasers of terawatt peak power only.
Introduction
Magnetic reconnection (MR) is a process by which oppositely directed magnetic field lines squeeze each other and reconnect, converting magnetic energy into particles' kinetic energy [1] [2] [3] . It is widely believed to play a key role in many explosive plasma phenomena, such as solar flares, fusion plasma instabilities, and laser-driven plasma jets [4] [5] [6] [7] . In the past decade, there has been increasing interest to study MR related processes in laboratory by use of high power laser produced plasma [2, [7] [8] and other plasma devices [9] . For MR in laser produced plasma, most experimental and numerical investigations have been carried out with nanosecond kJ-level high energy lasers [6] [7] [8] 10] , where the magnetic fields are produced via the Biermann battery process due to nonparallel temperature and density gradients [11] [12] .
The involved magnetic fields are normally located near the target surface and typically at the mega-gauss (MG) level. Significant progress has been made in this field [13] . For example, three well-collimated high-speed electron jets were observed in the fanlike outflow region in experiments [6, 14] , which are consistent with the signatures of MR simulations [15] . Fully kinetic particle simulations showed that fast reconnection in these strongly driven systems can be explained by magnetic flux pileup at the shoulder of the current sheet [16] . However, most of the simulations did not include the laser-plasma interaction stages, by simply assuming that two bubbles with high energy electron currents start to evolve in a background plasma.
With the development of ultrashort high power laser technologies, petawatt lasers with picosecond to femtosecond durations are available nowadays. This makes it possible to investigate fast magnetic field generation and dissipation under even higher quasi-static magnetic fields over 100 MG by the relativistic intense lasers interaction with plasmas [2, [16] [17] [18] or by the interaction of high current relativistic electron beams with plasmas [19, 20] .
In this paper, we report particle-in-cell (PIC) simulations of the MR process driven by intense femtosecond laser in inhomogeneous plasma. The idea is to send two parallel-propagating femtosecond laser pulses into a nonuniform layer of underdense plasma.
High quasi-static magnetic fields are generated in the wakefield behind the pulses due to nonvanishing cross product [21] ∇( ⁄ ) × ⃗ , where is the electron density, ⃗ is the electron fluid momentum and is the corresponding relativistic factor, respectively. The down-ramp density inhomogeneity causes lateral drift of the generated magnetic fields [22] [23] , and as a result, reconnection occurs when the magnetic fields having different polarities drift toward each other and become partially overlapped. This process can induce substantial electrostatic fields which accelerate charged particles and cause plasma heating.
Prominently, such a setup features an ultra-fast reconnection rate, typically at the time scale of a few hundred femtoseconds.
Quasi-static magnetic field generation and drift
It is well-known that large-amplitude plasma waves can be excited by an ultra-short intense laser pulse in underdense plasma. The wakefield can be as high as 1GV/cm and move with a phase velocity close to the group velocity of the laser pulse, making it ideal for compact particle acceleration [24] [25] . In addition, quasi-static magnetic fields are produced due to wakefield excitation. Using the term "quasi-static"，we mean the magnetic fields evolve with a time scale much longer than the laser oscillation period. The equation for magnetic field generation in the laser wakefield can be described by the general equation [21] :
where = ⁄ , the magnetic field | ⃗ | is normalized by / , the density n is normalized by (the initial plasma density), the electron fluid momentum | ⃗| is normalized by , and is the relativistic factor of the electron fluid. The nonvanishing cross product or the source term on the right-hand side of Eq. (1) ⃗ = ∇( ⁄ ) × ⃗ is responsible for the magnetic field generation. In homogeneous underdense plasma, Eq. (1) can be simplified to
The source term points to the azimuthal direction in three-dimensional (3D) geometry as the laser pulse drives a net electric current to the opposite of the laser propagation direction.
The scaling of the magnetic field strength with the driving laser intensity obtained as | ⃗ | ∝ under weakly relativistic laser intensity and | ⃗ | ∝ for highly relativistic laser intensity [21] . It has also been shown that the magnetic field profile produced in homogeneous plasmas changes little up to the time scale of ion motion. Fast evolutions on the scale of electron motion are, however, anticipated in inhomogeneous plasmas by several theory models [22, 23] . In particular, being excited along a down-ramp density profile, the magnetic field tends to rapidly drift along transverse and longitudinal directions. In the following, we carry out particle-in-cell (PIC) simulations with the code OSIRIS [26] , to study the field evolutions and identify possible consequences of magnetic reconnection when two parallel-propagating laser pulses with close focal spot separations are sent to the plasma.
We begin with 2D PIC simulations, which although described in a simplified slab geometry, can capture the key features of the present problem and can provide a reference for further 3D simulation shown later. Large-amplitude plasma waves are excited as an intense laser pulse propagates in underdense plasmas, due to the laser ponderomotive force both in the forward and side directions. With the resulting charge separation, the electrons oscillate around their equilibriums with a characteristic frequency roughly given by the electron plasma frequency.
The source term of the quasi-static magnetic field on the right-hand side of Eq. (2) points only along the Z direction in this 2D slab geometry. Figures 1(b-d) show snapshots of the magnetic field component along this direction at different stages. In the homogeneous plasma region (0 < < 30 ), the magnetic field stays steady with time. It shows an oscillating component around 2 along the longitudinal direction, in addition to a uniform component which corresponds to a steady electric current driven by the laser pulse [21] .
Here is the wave number of the plasma wave. The maximum strength of the magnetic field is about 0.05 or 1 MG under the given laser and plasma conditions.
In the plasma down-ramp region, however, rapid evolution of is found, as also
The magnetic field structure drifts rapidly in the lateral directions, in addition to longitudinally against the density gradient. The lateral drift is due to the force acting on the magnetic dipole vortex in the × direction according to Refs. [22, 23] . Note that this drift motion is completely different from the well-known diamagnetic drift [27] . Here the electron magnetohydrodynamic fluid model is sufficient since the ion motion is negligible in this short period of time [28] [29] . Interestingly, there are also opposite magnetic fields generated near the laser axis in the down-ramp as show in Fig. 1(c) . Up to t=160 , the drift is almost complete and the magnetic field fully gathers in the low density plateau region with the peak spot at around x=78 m, where the initial magnetic fields right after laser passage are weak.
Magnetic field annihilation
Now we use two laser pulses, each with the same parameters as defined above, and they copropagate but are separated along the Y direction by 16 , with the spot centers being at = ±8 , respectively.
The evolution of the magnetic fields produced by the two laser pulses is show in Figs. 2(a), 2(c) and 2(e). Similarly, each pulse generates magnetic fields in their own wakes.
Mirrored by the center axis of the box, the magnetic fields show opposite polarities which will drift toward each other around the center in the plasma down-ramp. At t = 108 , the magnetic fields in the low plateau is still negligible and the fields in the down-ramp have not field annihilation region at Y=0 at t=108 &128 . Consistently, is mainly found in the nonuniform plasma region at the beginning free of annihilation, and grows to substantial levels on the right around 70 < ( ) < 85 at t=128 when the magnetic annihilation is taking place. In addition, the ion skin depth is about = 300 and the electron skin depth is about = 7 in the low density plateau region. The electron cyclotron is about 0.03 0 .according to Figs. 1 and 2 . As the magnetic annihilation occurs in very short period of time, ion motion does not play a critical role. The averaged inductive electric field is about 0.01 , which suggests is that the magnetic field energy is efficiently converted to the electric field energy. The inductive electric fields generated in the annihilation region are unipolar and can accelerate charged particles. In this way, the magnetic field energy is again converted into the kinetic energy of plasma. In our case, the inductive electric field represented by the E x component is positive according to the generalized Ohm's law [2, 17, 30] , therefore, it accelerates electrons in the negative direction of the X-axis.
We present the electron momentum distribution in Figs where the color bars represent the particle kinetic energy.
Magnetic reconnection
In order to check 3D effects, we also carry out 3D simulations. The simulation box is × × = 115 × 60 × 50( ) in size, divided into 3450 × 600 × 500 cells. All the laser-plasma conditions are the same as before, with the density being also uniform along the third direction. The most noticeable differences between 3D and 2D simulations are that the self-generated magnetic fields now are azimuthal around the laser axis, in contrast to Z-polarized in the 2D slab geometry. In the density down-ramp region, quasi-static magnetic fields expand radially and magnetic reconnection occurs when the expanding magnetized plasma bubbles meet each other around the box center. This is illustrated in Fig. 4 by transverse cuts of the magnetic fields at = 65 for t=108 to 120 . In Figs bubbles are reconnected into one in the outer region at t=120 0 , as shown in Fig. 4(d) .
When the magnetic fields with different polarities meet at the diffusion region, the field annihilation develops and the field structures are rearranged, deriving electric field perpendicular to the plane. The corresponding E along the X axis (Y=0, Z=0).
The momentum space of electrons in −4μm < < 4μm is illustrated in Figs. 6 at 108 and 160 . At t = 108 , most of electrons with small momentum gather around zero.
After 52 when the magnetic reconnection is almost completed, the X-component momentum of electrons increased which means the particles are accelerated by the inductive electric field as show in Fig. 6(c) . Fig. 6(d) shows both the Y-component and Z-component momentum are increased too. We can see the number of energetic particles increased, which confirms magnetic energy is converted to kinetic energy by the reconnection process. Alfven speed is estimated to be V = 7.39 × 10 m/s and reconnection rate is E /BV = 54.1. Here we have used the density and magnetic field conditions when the magnetic reconnection starts to develop. The rates in both 2D and 3D simulations are much larger than the typical value 0.1 obtained by MHD simulations for Hall magnetic reconnection [31] , which mark a prominent feature of this system in underdense plasmas driven by intense short-pulse lasers.
To conclude, we have studied magnetic field drift in inhomogeneous plasmas driven by ultrashort intense laser pulses, and consequent magnetic reconnection for two co-propagating pulses with close spot deviations. In the plasma wake behind the laser pulses, high-order electron fluid nonlinearities create intense quasi-static magnetic fields, which drift rapidly in the forward and lateral directions in a density down-ramp plasma. When the magnetic fields with different polarities drift toward each other and annihilate at the diffusion region, electric fields are effectively induced, resulting in significant electron heating. At the same time, hot electron jets in the diffusion region are generated which is one of the signatures to prove the energy conversion from magnetic field to kinetic energy.
The reconnection rate found in the simulation is much larger than that the typical value obtained in Hall magnetic reconnection, clear evidence of fast reconnection may due to the strong driven force and Hall effect. Our work suggests a way for experimental realization of fast magnetic reconnection with intense short laser pulses of terawatt peak power only.
